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ABSTRACT 
 
 
 
Investment cast aluminium suffers porosity defect attributed to the complex 
combination of various factors including melt quality, casting process parameter 
and pouring technique. Even though, melt treatment and controlled of the process 
parameter have promising result, however turbulence developed during pouring of 
molten aluminium increasing the formation of porosity as a result of the 
entrainment of the surface oxide (Al2O3) film known as bifilm. Currently, 
turbulence free filling system was applied in casting process using tilt casting, 
bottom filling integrated with low pressure and also in-situ casting or in-situ 
melting techniques to address the porosity problem. However, in-situ melting 
technique has not been studied to reduce the porosity of the investment cast 
aluminium due to the oxidation of the granular aluminium occurs during heating 
hinders the complete melting of the granules. This research develops a procedure 
for investment casting of aluminium granules of 99.4% purity by in-situ melting 
technique. The aluminium granules were filled in ceramic moulds and heated at 
four different temperatures of 700, 750, 800 and 850oC for 30 and 60 min in a high 
temperature muffle furnace in ambient. As the heating temperature and duration 
were increased, the aluminium granules incompletely melt and produced a casting, 
however the granules agglomerate and replicate the shape of the ceramic mould. 
The aluminium granules oxidised during heating, encapsulated by a layer of 
complex oxides composed of stable [α-Al2O3], metastable [γ-Al2O3] and 
hydroxides. The thickness of the oxide layer formed on the surface of the air-heated 
granules increased as the heating temperature and duration were increased. The 
aluminium granules then were heated at the temperature of 850oC for 30 min in 
argon environment at the flow rate of argon gas 0.5, 2.5 and 5 l/min to reduce the 
oxidation of the aluminium granules. The thickness of the oxide layer formed on 
the argon-heated granule (5 l/min) was reduced by 60%, but failed to produce a 
casting. NaCl-KCl flux was applied, which was mixed and sprinkled on the 
aluminium granules at the Al:Flux ratio of 1:0.2, 1:0.25 and 1:0.33 and heated at 
the temperature of 850oC for 30 min to break the oxide layer that encapsulate the 
granules during heating. At the Al:Flux ratio of 1:0.33, 99% of the aluminium 
granules were successfully melted and produced a casting. The granules began 
melting at the temperature range 657.2 to 658.4oC and completely melted in 16 min 
with final melting temperature between 660.1 and 660.6oC. The average porosity 
level of the casting was 1.22%, which is lower than the investment cast aluminium 
produced by current pouring technique (2.48%). The low porosity level was 
attributed to micro-intergranular porosity present in the casting due to volume 
shrinkage. Investment casting of aluminium granules by in-situ melting technique 
with application of NaCl-KCl flux at the Al:Flux ratio of 1:0.33 mixed and 
sprinkled on the granules heated at the temperature of 850oC for 30 min producing 
low porosity aluminium casting. 
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ABSTRAK 
 
 
 
Tuangan pelaburan aluminium mengalami kecacatan keliangan dikaitkan 
dengan kombinasi kompleks beberapa faktor termasuk kualiti leburan, parameter 
proses tuangan dan teknik menuang. Walaupun rawatan leburan dan kawalan 
parameter proses mempunyai hasil yang menjanjikan, tetapi gelora terjadi semasa 
menuang leburan aluminium yang mana meningkatkan pembentukan keliangan 
akibat kehadiran filem permukaan oksida (Al2O3) yang dinamakan sebagai bifilm. 
Kini, sistem isian bebas gelora telah diaplikasi dalam proses tuangan dengan 
menggunakan tuangan condong, isian dari bawah dengan tekanan rendah, dan juga 
tuang secara di situ atau lebur secara di situ untuk mengatasi masalah keliangan. 
Walaubagaimanapun, teknik lebur secara di situ masih belum dikaji untuk 
mengurangkan keliangan tuangan pelaburan aluminium kerana pengoksidaan 
butiran aluminium berlaku semasa pemanasan yang menghalang butiran aluminium 
melebur dengan sempurna. Kajian ini menghasilkan prosedur tuangan pelaburan 
butiran aluminium 99.4% tulen dengan teknik lebur di situ. Butiran aluminium 
dimasukkan ke dalam acuan seramik dan dipanaskan pada empat suhu berbeza iaitu 
700, 750, 800 dan 850oC selama 30 dan 60 min di dalam relau muffle suhu tinggi 
secara ambien. Apabila suhu dan tempoh pemanasan dinaikkan, butiran aluminium 
tidak lebur secara sempurna dan tidak menghasilkan tuangan. Butiran tersebut 
bergumpal mengikut bentuk acuan seramik. Butiran aluminium teroksida, 
dirangkum oleh lapisan oksida kompleks [α-Al2O3] stabil, [γ-Al2O3] metastabil dan 
hidroksida. Ketebalan lapisan oksida di permukaan butiran yang dipanaskan dalam 
udara meningkat apabila suhu dan tempoh pemanasan dinaikkan. Seterusnya, 
butiran aluminium dipanaskan pada suhu 850oC selama 30 min dalam persekitaran 
argon dengan kadar alir gas argon 0.5, 2.5 and 5 l/min untuk mengurangkan 
pengoksidaan butiran aluminium. Ketebalan lapisan oksida di permukaan butir 
aluminium yang dipanaskan dalam argon (5 l/min) berkurang sebanyak 60%, tetapi 
gagal menghasilkan tuangan. Fluks NaCl-KCl digunakan, dicampur dan ditabur ke 
atas butiran aluminium pada nisbah Al:Fluks 1:0.2, 1:0.25 and 1:0.33 dan 
dipanaskan pada suhu 850oC selama 30 min untuk memecahkan lapisan oksida 
yang merangkum butiran.  Pada nisbah Al:Fluks 1:0.33,  99% butiran aluminium 
berjaya dilebur dan menghasilkan tuangan. Butiran aluminium mula mencair pada 
julat suhu 657.2 ke 658.4oC dan lengkap melebur dalam masa 16 min dengan julat 
suhu lebur akhir 660.1 ke 660.6oC. Purata tahap keliangan tuangan ialah 1.22% 
iaitu lebih rendah berbanding tuangan pelaburan aluminium yang dihasilkan dengan 
teknik tuangan semasa (2.48%). Tahap keliangan yang rendah dikaitkan dengan 
keliangan mikro-antarabutiran yang hadir dalam tuangan akibat pengecutan isipadu. 
Tuangan pelaburan butiran aluminium dengan teknik lebur di situ serta aplikasi 
fluks NaCl-KCl dengan nisbah Al:Fluks 1:0.33 dicampur dan ditabur atas butiran 
aluminium serta dipanaskan pada suhu 850oC selama 30 min menghasilkan tuangan 
aluminium dengan tahap keliangan yang rendah. 
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4.15  Thickness of the oxide formed on the surface of   104 
the Aluminium granule after heated at four different  
temperatures; 700, 750, 800 and 850oC for 30 and 60 min 
4.16  Elemental mapping of the oxide layer formed on the  105 
surface of an Aluminium granule after heated at the  
temperatures of 850oC for 30 min (a) and (b) and  
60 min (c) and (d) 
4.17  Magnified SEM cross section image showing a crack  106 
of the oxide layer formed on the surface of the  
Aluminium granule after being heated at the temperature  
of 850oC for 30min 
4.18  A schematic illustration for the mechanism of growth  108 
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of the oxide layer on the surface of the Aluminium granule;  
(a) and (b) thin oxide layer encapsulating the Aluminium  
granule;(c) and (d) oxide nodules formation at 750oC;  
(e) and (f) agglomeration of oxides at 850oC 
4.19  XRD patterns of the Aluminium granule (a) before   109 
heated and after heated for 30 min at the temperatures  
of (b) 750°C and (c) 850°C 
4.20  XRD patterns of the Aluminium granule after heated  112 
for 60 min at the temperature of (a) 750oC and (b) 850oC 
4.21  Aluminium granules after being heated at the   114 
temperature of 850oC for 30 min in (a) air, and  
argon gas at the flow rate of (b) 0.5 l/min, (c) 2.5 l/min 
 and (d) 5 l/min 
4.22  Agglomeration of Aluminium granules after being   115 
heated at the temperature of 850oC for 30 min in argon  
atmosphere at the flow rates of (a) 0.5l/min, (b) 2.5l/min 
and (c) 5l/min 
4.23  SEM image of the Aluminium granule after being   116 
heated at the temperature of 850oC for 30 min in argon  
atmosphere at the flow rate of 5l/min 
4.24  Physical characteristic of the granules after being   117 
heated for 30 min at the temperature of 850oC in  
(a) air and argon atmosphere with flow rate  
(b) 0.5 l/min, (c) 2.5 l/min and (d) 5 l/min 
4.25  (a),(b),(c),(d) are SEM images of the oxides   120 
morphology and (e),(f),(g),(h) are FESEM cross  
section images of the oxides after heated at the  
temperature of 850oC for 30 min in air (a),(e) and 
in argon gas at the flow rate of 0.5l/min (b),(f),  
2.5l/min (c),(g) and 5l/min (d),(h) 
4.26  The thickness of oxide layer formed on the surface  121 
 of the Aluminium granule after being heated at the 
 temperature of 850oC for 30 min in air and argon  
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gas at various flow rates 
4.27  Result of EDS analysis of the oxide layer formed on  122 
the surface of the Aluminium granule after being  
heated at the temperature of 850oC for 30 min in argon  
atmosphere at the flow rate of 5 l/min 
4.28  A schematic illustration of the Aluminium granule   123 
oxidation during heating in (a) air, (b) and (c) argon  
atmosphere 
4.29  Penetration of the molten Aluminium after heated   124 
at the temperature of 850oC for 30 min in argon  
atmosphere (5 l/min). (a) visually observed and (b)  
microscopic image by SEM showing the Al  
penetration 
4.30   SEM image of the diffusion between the two   125 
Aluminium granules after heated temperature of  
850oC for 30 min in argon atmosphere at the  
flow rate of 5 l/min 
4.31  EDS analysis using point selection at (a) point 1,  126 
   (b) point 2 and (c) point 3 on the Aluminium granules 
after being heated at the temperature of 850oC for  
30 min in argon atmosphere at the flow rate of 5 l/min 
4.32  XRD patterns of the prepared flux composed of   128 
an equimolar mixture of 47.5% NaCl, 47.5% KCl  
and 5% of NaF 
4.33  Aluminium casting produced at the temperature   129 
of 850oC for 30 min with addition of flux ratio of  
1:0.2. (a) side view and (b) top view 
4.34  A schematic illustration of Aluminium casting   131 
formation during heating of the Al granules  
with addition of flux ratio of 1:0.2 
4.35  Agglomerated granules in region ‘X’ covered with   132 
oxide-flux reaction shells (a) white and (b) dark  
coloured after being heated at the temperature of 850oC  
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for 30 minute with addition of Al:Flux ratio of 1:0.2 
4.36  SEM image showing the cross section of the partially  133 
penetrated Aluminium granule after being heated at  
the temperature of 850oC for 30 minute with addition  
of Al: Flux ratio of 1:0.2 
4.37  SEM micrograph showing the oxide-flux reaction   133 
layer consists of broken oxides adhered on the surface  
partially penetrated granule heated at the temperature  
of 850oC for 30 min with addition of Al: Flux ratio  
of 1:0.2 
4.38  EDS analysis of the partially penetrated granule covered  135 
with white coloured oxide-flux reaction shell as in  
Figure 4.37 at (a) point 1, (b) point 2 and (c) point 3 after  
being heated at the temperature of 850oC for 30 min with  
addition of Al:Flux ratio of 1:0.2 
4.39  SEM micrograph showing dark coloured oxide-flux  136 
reaction layer adhered on the surface of the partially  
penetrated granule heated at the temperature of 850oC  
for 30 min with flux addition of Al: Flux ratio of 1:0.2 
4.40  EDS analysis of the black coloured oxide-flux   137 
reaction layer at (a) point 1 and (b) point 2 adhered  
on the surface of the partially penetrated granules  
after being heated at of 850oC for 30 min with flux  
addition of Al: Flux ratio of 1:0.2 
4.41  Aluminiumcasting produced with addition of   138 
Al:Flux ratio of 1:0.25 heating at the temperature  
of 850oC for 30 min 
4.42  Casting produced at the temperature of 850oC for   139 
30min with the application of Al:Flux ratio of 1:0.33.  
(a) Solid Al casting and (b) the casting  
cross section 
4.43  Percentage of the Aluminium casting formed at the  140 
temperature of 850oC for 30min mixed with flux at  
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the ratio of 1:0.33 
4.44  Aluminium casting produced at the temperature of   141 
850oC for 30min with application of Al:Flux ratio  
of 1:0.33 during removal from the ceramic investment  
casting mould 
4.45  SEM image and EDS analysis spectrum of the oxide-flux  142
 reaction compound attached on mould wall of the in-situ  
melted Aluminium casting produced at the temperature of  
850oC for 30 min mixed with flux at the ratio of 1:0.33 
4.46  XRD spectrum of the oxide-flux reaction compound  143 
showing the presence of Al2O3 and NaAlCl4 
4.47  Schematic illustration for the mechanism of oxide layer  145 
removal during heating of the Aluminium granules mixed  
with flux at the ratio of 1:0.33 
4.48 Heating and first derivative curves of Aluminium granules  147 
located at the middle centre of the ceramic mould heating  
at the temperature of 850oC for 30 min mixed with Al:Flux  
ratio of 1:0.33 
4.49  Heating and first derivative curve of the Aluminium  149 
granules located at the middle centre of the ceramic  
mould heating at the temperature of 850oC for 30 min  
mixed with flux at the ratio of 1:0.33 
4.50  Cooling and first derivative curves for Aluminium   151 
granules located at the middle centre of the ceramic  
mould during cooling from the temperature of 850oC  
for 30 min to room temperature 
4.51  Cooling curves of the Aluminium at different locations  152 
in the ceramic mould during cooling from the temperature  
of 850oC to room temperature 
4.52  SEM image showing the microstructure of Aluminium  155 
casting produced at the temperature of 850oC for 30 min  
heating mixed with flux at the ratio of 1:0.33 at (a) middle  
centre and (b) side of the casting 
PTTA
PERPU
STAKA
AN TU
NKU T
UN AM
INAH
 xxv 
4.53  SEM micrographs showing intergranular porosity of  155 
Aluminium casting produced at the temperature of 850oC  
for 30 min mixed with flux at the ratio of 1:0.33 
4.54  EDS analysis at point X of the intergranular porosity  155 
of the Aluminium casting produced at the temperature of  
850oC for 30 min mixed with flux ratio of 1:0.33 
4.55  Porosity level of the in-situ melted Aluminium produced  156 
at the temperature of 850oC for 30min mixed with flux  
at the ratio of 1:0.33 
4.56  Aluminium casting produced at the temperature of 700oC  158 
for 30min mixed with flux ratio of 1:0.33, (a) side and  
(b) cross section 
4.57  Heating and first derivative curves of the Aluminium  159 
granules during heating at the temperature of 700oC for  
30 min mixed with flux at the ratio of 1:0.33 
4.58  Heating curves of the Aluminium granules located at  160 
the middle and bottom of the mould during heating  
at the temperature of 700oC for 30 min mixed with  
flux at the ratio of 1:0.33 
4.59  Cooling and first derivative curve of the Aluminium  161 
during furnace cooling from the temperature of 700oC 
4.60  Cooling curves of the Aluminium during furnace cooling  162 
from the temperature of 700oC 
4.61  SEM micrograph showing microstructure of the   163 
Aluminium casting produced at the temperature700oC  
for 30 min mixed with flux at the ratio of 1:0.33 at (a)  
centre and (b) side of the casting 
4.62  SEM micrograph showing the micro-intergranular   164 
porosity of the Aluminium casting produced at the  
temperature of 700oC for 30 min mixed with flux at  
the ratio of 1:0.33 
4.63  EDS analysis at point X of the in-situ melted Aluminium  164 
casting produced at the temperature of 700oC for 30 min  
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